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invasional meltdown among
invasive fish parasites
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Published online: 10 October 2018 Biological invasions are frequently studied topics in ecological research. Unfortunately, within invasion
ecology parasite-associated aspects such as parasite impacts on new environments and on local host
populations are less well-studied. Round gobies migrating from the Ponto-Caspian region into the Rhine
River system are heavily infested with the Ponto-Caspian acanthocephalan parasite Pomphorhynchus
laevis. As shown by experimental infestations the acanthocephalans occur as pre-adults in host-
encapsulated cysts within the internal organs of the migrating gobies, but remain infective for their
definitive host chub. Recently, we described the occurrence of larvae of another parasite, the invasive
eel swim bladder nematode Anguillicola crassus, in these Pomphorhynchus cysts. In the present

study, we could prove the infectivity of the nematode larvae for European eels for the first time. After
experimental inoculation of Pomphorhynchus cysts occasionally infested with A. crassus larvae, the
nematodes grow to maturity and reproduce whereas all P. laevis were unviable. We therefore postulate
that the nematode larvae behave like immunological hitchhikers that follow a “*Trojan horse strategy”
in order to avoid the paratenic host’simmune response. Accordingly, the interaction between both
invasive parasites gives first evidence that the invasional meltdown hypothesis may also apply to

parasites.

Invasion of free-living organisms and their effects on new habitats has emerged as a major threat for ecosystems
around the globe, partly with irreversible consequences for the local biota. Invasive species might cause habitat
modification, extinctions of endemic species, affect human health, and therefore engender enormous economic
costs'~>. However, not every newly introduced species will be able to establish itself in a new habitat*. Success rates
depend on different biotic and abiotic conditions such as absence/presence of enemies, competition with local
species for resources, and climatic conditions®~’. Besides these aspects, the occurrence of other invasive species
is one of the most substantial factors for invasion success. The so-called invasional meltdown hypothesis (IMH)
states that if several new species invade the same habitat, they usually facilitate each other’s establishment since
one species might serve e.g. as food or energy resource for another, which initiate its invasion process®’. This
might result in an increased rate of invasion, leading to crucial impacts within the new habitat'°. In this context it
seems surprising that alien parasites, although generally co-introduced to new environments with invasive host
species'!"!, are often not taken into account when evaluating the effects and mechanisms of invasion. This is even
more surprising as parasites are considered an important response variable for ecosystem health!>-'7. Although
the IMH did not show any significant differences among taxonomic groups that have been studied yet'® it remains
unclear if it also applies to nonindigenous parasites.

In order to be able to invade a new habitat parasites usually depend on free-living alien hosts'>?. Therefore,
the presence of a sufficient number of free-living invasive species is an obligate prerequisite for the establishment
of non-indigenous parasites. Nevertheless, the question whether a certain parasite species also benefits from the
occurrence of other invasive parasites remains to be unanswered. The Rhine River, a Western European river is
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Figure 1. (A) Cysts of encapsulated P. laevis individuals as detected and removed from the digestive tracts of N.
melanostomus (B) Encapsulated P. laevis irradiated with high light intensity (C) Digested cyst with released A.
crassus individuals.

considered a hot spot for biological invasion, and thus might be an ideal system to study the relevance of the IMH
for invasive parasites?*2. Although many nonindigenous species were able to establish in the Rhine River over the
past decades, invaders from water bodies of the Ponto-Caspian region were among the most successful®%. Species
such as the amphipod Dikerogammarus villosus or the fish species Neogobius melanostomus or Ponticola kessleri
usually become dominant species in newly invaded areas due to their invasion strategy that provide them with
competition advantages against local species*?*, Recent research has shown that both the amphipods as well as
the fish species introduce the acanthocephalan Pomphorhynchus laevis to the river Rhine since the mid 1990’
after the inauguration of the Main-Danube-Canal®. Subsequently, the parasite spread rapidly and successfully
established itself along the river Rhine, showing a high prevalence in cyprinid fishes as well as in predators that
feed on infected intermediate host species?®?. After a potential paratenic host ingests pre-adult individuals of
P. laevis, a cyst will be formed by both the hosts’ immune response and the parasite itself. Such parasite stages
thus occur encapsulated in the hosts’ internal organs as well as in its body cavity**=. Infection experiments with
chub, Squalius cephalus, have demonstrated that encapsulation does not have any apparent effect on the parasite
since it remains infective for its definitive host (unpublished data). Recent research has also shown that cysts of
P. laevis in N. melanostomus may contain larvae of another invasive parasite species, Anguillicola crassus®'. This
nematode causes severe health impacts for the native eel species in Europe®>*. Initially it was co-introduced with
Japanese eels (Anguilla japonica) to European waterbodies in the early 1980’s*. Shortly after its arrival, A. crassus
adapted to local environmental conditions and accepted the European eel (Anguilla anguilla) as its suitable final
host. Within a short period, the infestation rates of A. crassus in A. anguilla increased to more than 90% in large
parts of Western and Central Europe (e.g.>>**-%). The nematode parasitizes the swim bladder of its final host
after undergoing different development stages by using a wide variety of species as intermediate and paratenic
hosts®. Accordingly, the eel’s swim bladder is frequently affected to a significant extent, leading to a reduced
functionality, which might result in the host’s death during its spawning migration from the European coast to
the Sargasso Sea®. In fact, A. crassus is also held partly responsible for the massive decline of the overall stock of
European eel that resulted in its occurrence on the list of critically endangered species by the International Union
for Conservation of Nature**4!.

The fact that individuals of A. crassus utilize cysts of encapsulated P. laevis individuals provides evidence that
establishment of a parasite species might have been facilitated by the arrival of another invasive parasite within
the Rhine River. Hyperparasitized cysts — what in detail describes acanthocephalan cysts that were simultaneously
infested by P. laevis and A. crassus - which were gathered from N. melanostomus individuals from the Rhine River
demonstrated that A. crassus frequently enters the cyst most likely to avoid immune responses of the paratenic
host. Generally, third-stage larvae (L3) of A. crassus evoke an immune response of their paratenic hosts, with
diversified intensities among the various host species, which might cause the parasites’ death®'. Recently, it was
suggested that A. crassus might use the cyst as a “hideout” to evade the immune response of the round goby;,
which might serve as prey for A. anguilla, the parasites’ main definitive host. Therefore, the nematode larvae are
protected from host defenses while being in the goby. Theoretically, with such a “Trojan horse” strategy the para-
site could be able to infest the hosts’ swim bladder more readily. However, it is still unknown whether A. crassus is
still infectious for the definitive host after entering the acanthocephalan cyst. If yes, this could be seen as support
that the IMH also applies to nonindigenous parasites. In order to test the viability and infectivity of encapsulated
A. crassus larvae, we therefore conducted an infection experiment where European eels were inoculated with cysts
collected from Ponto-Caspian gobies.

Results

The initial screening of cysts removed from N. melanostomus (cf. Fig. 1) showed a prevalence of 12% of A. crassus
larvae within the cysts. In all 200 cysts 96 larvae of A. crassus were detected, with a mean intensity of four nema-
todes per cyst (ranging between one to twelve larvae per cyst). Individuals of P. laevis found in the cysts were alive
and showed a normal activity level.

Eels administered with intact cysts showed a prevalence with A. crassus of 40% 154 days post infection (dpi).
While two eels were found to be infested by an individual A. crassus (either male or female) each, two eels showed
a double infestation. In one eel two females occurred, whereas a pair of both sexes containing eggs with L2 lar-
vae was detected in the second eel. In sum, 164 cysts were administered to the eels, which corresponds to a total
of 79 A. crassus when considering the results of the initial cyst screening. Based on these results, the recovery
rate can be determined as 7.6%. The size of the A. crassus individuals found in the eels corresponds with the

SCIENTIFICREPORTS| (2018) 8:15085 | DOI:10.1038/s41598-018-33445-4 2



www.nature.com/scientificreports/

developmental period of 154 days when compared with previous infection experiments*>**. Further parasito-
logical examination of the eels did not show any infection with P. laevis in the experimental group. Eels of the
uninfected control did not contain any individual of either parasite species.

Discussion

The present study demonstrates for the first time that larvae of A. crassus, enclosed in the cysts of encapsulated
P. laevis, remain able to infest their definitive host, the European eel. The experiment showed that A. crassus is
still able to complete its life-cycle and produce offspring after entering the cysts in a potential paratenic host.
Moreover, as the invasive nematode larvae use the cyst of an invasive acanthocephalan parasite species, the inva-
sional meltdown hypothesis is supported.

Parasitological examination of the eels revealed a prevalence of 40% of A. crassus with a recovery rate of 7.6%.
Previous experiments with eels using isolated L3 of A. crassus under similar conditions showed generally higher
recovery rates of up to 40%*>**. Apart from the fact that the number of introduced A. crassus larvae in the present
study can only be estimated as an average value and not using exact data, the relatively low infestation rate might
also be related to this, so far unknown, way of transmission of A. crassus. It was demonstarted that encapsulation
might be a barrier for some parasites in order to establish themselves after beeing transmitted to a new host*.
As implied by the relatively low prevalence and recovery such a barrier effect might also apply for A. crassus.
Nonetheless, the use of cysts containing encapsulated P. laevis in fish lacking a swim bladder represents an addi-
tional way of transmission to the preferred final host for A. crassus.

The results demonstrate the infectivity of A. crassus individuals from cysts co-infected with P. laevis. Thus,
A. crassus was able to develop to mature adults whereas no individual of P. laevis was detected inside the eels at
the end of the experiment although P. laevis is regularly found in eels from the Rhine River?. This is a striking
result since encapsulated P. laevis that were ingested by their preferred definitive hosts such as S. cephalus and
Barbus barbus are able to mature?®*+5, which was also confirmed by additional infection experiments in which
encapsulated Pomphorhynchus individuals developed to full maturity after beeing infested to individuals of S.
cephalus (unpublished data). The lack of any P. laevis in the examined eels after 154 dpi might therefore be related
to the following reasons. On the one hand, the European eel as a non preferred host was used for laboratory
infestation experiments. Even if P. laevis can regularly be found in eels in the field?' this might be a result of eels
ingesting cystacanths from the first intermediate host, i.e. different species of amphipods and not by feeding on
paratenic hosts. On the other hand, it is also conceivable that the lifetime of P. laevis in its non-preferred hosts is
shorter than the time of seven to eight months estimated for this species in their preferred definitve hosts*. In the
latter case, the acanthocephalans might have already been shed from the eels after 154 dpi. However, during daily
inspections, no acanthocephalans were recovered in the tanks.

Both parasites have been described as succsessful invadors in European waterbodies and have been intensively
studied during the past decades*’-*. Nonetheless, a relation or possible interaction between the two invasive
parasites was only discovered recently®'. The reason might be that usually P. laevis is carefully removed from
the cysts and then further examined while the tissue of the cyst is treated as waste material. Simultaneously,
the larvae of A. crassus are not recognized since they are hardly seen by bare eye. Accordingly, the parasite has
always been overlooked prior to the preliminary field study by Emde et al.*!. Furthermore, we assume that if
individuals of A. crassus have already been detected in gobies before, their exact localization (in the cysts) was
not recognized. However, in the context of these findings and the results of the present study we assume that P.
laevis might facilitate A. crassus’ establishment and distribution in a new environment. This corresponds to the
invasional meltdown hypothesis (IMH), which has never been described for invasive parasites before, although
interactions of free-living invasive species are already referred to as a major aspect of biological invasion®#0,
The IMH states that the arrival of nonindigenous species in an environment facilitates the establishment of other
invasive species®. The fact that both parasites were able to establish themselves successfully in environments that
are recognized as hotspots for invasion, such as the river Rhine, and the fact that A. crassus seems to benefit from
the presence of encapsulated invasive parasites supports the assumption that the IMH also applies to invasive
parasites.

Although A. crassus larvae utilize cysts and thereby eventually avoid the paratenic host's immune response (of e.g.
N. melanostomus) this could also be a side effect associated to the fact that gobies lack a swim bladder. It is already
known that A. crassus larvae can be found in many different tissues of paratenic hosts®~>*. The idea that the parasite
uses a “Trojan horse strategy” was firstly mentioned in 2014%!. Although the present results do not directly support
a trojan horse strategy as no immunological responses were analysed, they show that A. crassus benefits from the
presence of the cysts of encapsulated P. laevis individuals as it represents an additional way of infecting the definitive
host. Obviously, the distribution and establishment of A. crassus is (at least partly) facilitated by another invasive
parasite that consequently turned a possible dead-end host into a paratenic host in order to increase the nematodes’
infestation success. As there are not many other fish species described in which P. laevis occurs in cysts?>>>, the par-
ticular type of co-occurrence of both parasites that is described here is only known for gobies.

The fact that both parasite species have been studied intensively over the past decades but their interaction was
only discovered recently demonstrates the necessity of future research on possible interactions between (invasive)
parasites in order to evaluate the effects of parasites invasion on local biota.

Methods

A total of 22 individuals of the invasive goby Neogobius melanostomus were collected by professional fishermen
with bow nets in the River Rhine close to the city of Grieth at Rhine km 844 (North Rhine Westfalia, Germany).
Within two days after sampling, all fish were sacrificed and examined for the presence of acanthocephalans of the
genus Pomphorhynchus, which were discovered encapsulated in the abdominal cavities of the fishes. All encapsu-
lated P. laevis individuals (n = 364) were stored in a 0.9% sodium-chloride (saline) solution at 5 °C.
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200 isolated cysts were transferred one by one into a well-plate chamber to check whether cysts were infested
by Anguillicola crassus. Wells were filled up with artificial stomach acid-solution, composed of 1% hydrochloric
acid and Pepsin (0.5 g per 100 ml)*®. Filled-up well plates were incubated for 40 minutes at 37 °C to induce cysts
to break open and allow parasites to be released and eventually found free in the solution (c¢f. Fig. 1C). After the
incubation time, the content of each chamber was carefully examined in order to determine whether cysts were
infested by A. crassus and if so, to what extent. The mean infestation rate (number of A. crassus per cyst of P.
laevis) was calculated as 0.48, which was then used as a basis for subsequent infection experiments with European
eels. We infested ten European eels (mean size of 426 mm) that were provided by a commercial eel farm known
to be free of any infestation with A. crassus and/or Pomphorhynchus sp. with the remaining cysts (n = 164). Apart
from a longstanding cooperation with the eel farm, eels are regularly checked by parasitological examinations to
verify absence of A. crassus as well as of any other endoparasites. A total of 16 to 18 cysts (resembling approx-
imately 7.7 to 8.6 A. crassus) were manually administered to each eel by a stomach tube (diameter of 0.5 mm).
Following infection, the eels were kept individually in a single water tank (301) at a water temperature between
10 and 13 °C with permanent air supply. An uninfected control group of five eels (mean size of 464 mm) was
kept under the same experimental conditions to verify that the eels were free of parasites. The eels were killed
and examined for parasites 154 days post infection (dpi). Internal organs were removed and digestive tracts and
swim bladders were carefully examined under a stereomicroscope for the presence of A. crassus and P. laevis.
Individuals of A. crassus were subsequently categorized according to their developmental stage and sex.

All experimental protocols were approved by the Ethics Council (Landesamt fiir Natur, Umwelt und
Verbraucherschutz, Nordrhein-Westfalen, permit number: 84-02.04.2017.A245) and were carried out in accord-
ance with the relevant guidelines and regulations.

Data Availability Statement
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

References
. Perrings, C., Williamson, M. H. & Dalmazzone, S. The economics of biological invasions. (Edward Elgar Publishing Limited, 2000).
. Simberloff, D. et al. Impacts of biological invasions: what’s what and the way forward. Trends Ecol. Evol. 28, 58-66 (2013).
. Jeschke, J. M. et al. Defining the impact of non-native species. Conserv. Biol. 28, 1188-1194 (2014).
. Sol, D. et al. Unraveling the life history of successful invaders. Science 337, 580-3 (2012).
. Blakeslee, A. M. H., Fowler, A. E. & Keogh, C. L. Marine Invasions and Parasite Escape: Updates and New Perspectives. Adv. Mar.
Biol. 66, 87-169 (2013).
6. Stachowicz, J. J., Fried, H., Osman, R. W. & Whitlatch, R. B. Biodiversity, invasive resistance, and marine ecosystem function:
reconciling pattern and process. Ecology 83, 2575-2590 (2002).
7. Vignon, M. & Sasal, P. Multiscale determinants of parasite abundance: A quantitative hierarchical approach for coral reef fishes. Int.
J. Parasitol. 40, 443-451 (2010).
8. Simberloff, D. & Von Holle, B. Positive interactions of nonindigenous species: invasional meltdown? Biol. Invasions 1,21-32 (1999).
9. Green, P. T. et al. Invasional meltdown: Invader—invader mutualism facilitates a secondary invasion. Ecology 92, 1758-1768 (2011).
10. Gallardo, B. & Aldridge, D. C. Is Great Britain heading for a Ponto-Caspian invasional meltdown? J. Appl. Ecol. 52, 41-49 (2015).
11. Sasal, P. et al. Parasite communities in eels of the Island of Reunion (Indian Ocean): a lesson in parasite introduction. Parasitol. Res.
https://doi.org/10.1007/s00436-008-0916-5 (2008).
12. Ondragkova, M., Davidova, M., Prikrylovd, I. & Pe¢inkova, M. Monogenean parasites of introduced pumpkinseed Lepomis gibbosus
(Centrarchidae) in the Danube River Basin. J. Helminthol. 85, 435-441 (2011).
13. Pizzatto, L., Kelehear, C., Dubey, S., Barton, D. & Shine, R. Host-parasite relationships during a biologic invasion: 75 years
postinvasion, cane toads and sympatric Australian frogs retain separate lungworm faunas. J. Wildl. Dis. 48, 951-961 (2012).
14. Amundsen, P.-A. et al. New parasites and predators follow the introduction of two fish species to a subarctic lake: implications for
food-web structure and functioning. Oecologia 171, 993-1002 (2013).
15. Lymbery, A.]., Morine, M., Kanani, H. G., Beatty, S. . & Morgan, D. L. Co-invaders: The effects of alien parasites on native hosts. Int.
J. Parasitol. Parasites Wildl. 3,171-177 (2014).
16. Ortega, N., Price, W., Campbell, T. & Rohr, J. Acquired and introduced macroparasites of the invasive Cuban treefrog, Osteopilus
septentrionalis. Internaltional J. Parasitol. Parasites Wildl. 4, 379-384 (2015).
17. Goedknegt, M. A. et al. Parasites and marine invasions: Ecological and evolutionary perspectives. J. Sea Res. 113, 11-27 (2016).
18. Jeschke, J. et al. Support for major hypotheses in invasion biology is uneven and declining. NeoBiota 14, 1-20 (2012).
19. Vignon, M., Sasal, P. & Galzin, R. Host introduction and parasites: a case study on the parasite community of the peacock grouper
Cephalopholis argus (Serranidae) in the Hawaiian Islands. Parasitol. Res. 104, 775-782 (2009).
20. Vignon, M., Sasal, P, Rigby, M. & Galzin, R. Multiple parasite introduction and host management plan: case study of lutjanid fish in
the Hawaiian Archipelago. Dis. Aquat. Organ. 85, 133-145 (2009).
21. Galil, B. S., Nehring, S. & Panov, V. In Biological Invasions 59-74 (Springer Berlin Heidelberg), https://doi.org/10.1007/978-3-540-
36920-2_5 (2007).
22. Van Kessel, N., Dorenbosch, M., Kranenbarg, J., Van Der Velde, G. & Leuven, R. S. E. W. Invasive Ponto-Caspian gobies rapidly
reduce the abundance of protected native bullhead. Aquat. Invasions 11, 179-188 (2016).
23. Borcherding, J. et al. Non-native Gobiid species in the lower River Rhine (Germany): Recent range extensions and densities. J. Appl.
Ichthyol. 27, 153-155 (2011).
24. Kinzler, W. et al. Mutual predation between and cannibalism within several freshwater gammarids: Dikerogammarus villosus versus
one native and three invasives. Aquat Ecol 43, 457-464 (2009).
25. Hohenadler, M. A. A. et al. Pomphorhynchus laevis: An invasive species in the river Rhine? Biol. Invasions 20, 207-217 (2018).
26. Dudinak, V. & Snabel, V. Comparative analyisis of Slovak and Czech population of Pomphorhynchus laevis (Acanthocephala) using
morphological and isoenzyme analysis. Acta Zool. Univ. Comenianae 44, 41-50 (2001).
27. Tieri, E., Mariniello, L., Ortis, M., Berti, M. & Battistini, M. Endoparasites of chub (Leuciscus cephalus) in two rivers of the Abruzzo
region of Italy. Vet. Ital. 42,271-279 (2006).
28. Dezfuli, B. S. Occurrence of Pomphorhynchus laevis Miiller 1776 (Acanthocephala) in Silurus glanis (L.) from the River Po.
Parassitologia 34, 71-82 (1992).
29. Sures, B. & Siddall, R. Comparison between lead accumulation of Pomphorhynchus laevis (Palaeacanthocephala) in the intestine of
chub (Leuciscus cephalus) and in the body cavity of goldfish (Carassius auratus auratus). Int. . Parasitol. 31, 669-73 (2001).

G W N =

SCIENTIFICREPORTS| (2018) 8:15085 | DOI:10.1038/s41598-018-33445-4 4


http://dx.doi.org/10.1007/s00436-008-0916-5
http://dx.doi.org/10.1007/978-3-540-36920-2_5
http://dx.doi.org/10.1007/978-3-540-36920-2_5

www.nature.com/scientificreports/

30. Cornet, S., Sorci, G. & Moret, Y. Biological invasion and parasitism: invaders do not suffer from physiological alterations of the
acanthocephalan Pomphorhynchus laevis. Parasitology 137, 137-147 (2010).

31. Emde, S. et al. Nematode eel parasite found inside acanthocephalan cysts — a “ Trojan horse” strategy? Parasit. Vectors 7, 504 (2014).

32. Molnar, K., Szekely, C. & Baska, F. Mass mortality of eel in Lake Balaton due to Anguillicola crassusinfection. Bull. Eur. Assoc. fish
Parasitol. 11,211 (1991).

33. Wiirtz, J., Taraschewski, H. & Pelster, B. Changes in gas composition in the swimbladder of the European eel (Anguilla anguilla)
infected with Anguillicola crassus (Nematoda). Parasitology 112, 233-238 (1996).

34. Knopf, K. & Mahnke, M. Differences in susceptibility of the European eel (Anguilla anguilla) and the Japanese eel (Anguilla japonica)
to the swim-bladder nematode Anguillicola crassus. Parasitology 129, 491-496 (2004).

35. Taraschewski, H., Moravec, E,, Lamah, T. & Anders, K. Distribution and morphology of two helminths recently introduced into
European eel populations: Anguillicola crassus (Nematoda, Dracunculoidea) and Paratenuisentis ambiguus (Acanthocephala,
Tenuisentidae). Dis. Aquat. Organ. 3,167-176 (1987).

36. Sures, B. & Streit, B. Eel parasite diversity and intermediate host abundance in the River Rhine. Parasitology 123, 185-191 (2001).

37. Jakob, E., Walter, T. & Hanel, R. A checklist of the protozoan and metazoan parasites of European eel (Anguilla anguilla): checklist
of Anguilla anguilla parasites. J. Appl. Ichthyol. 1-49 (2009).

38. Emde, S. & Klimpel, S. In Encyclopedia of parasitology (ed. Mehlhorn, H.) (Springer, 2015).

39. Pelster, B. Swimbladder function and the spawning migration of the European eel Anguilla anguilla. Front. Physiol. 5, 486 (2015).

40. Jacoby, D. & Gollock, M. Anguilla anguilla. IUCN Red List Threat. Species 2014, 8235 (2014).

41. Sures, B. & Knopf, K. Parasites as a threat to freshwater eels? Science 304, 209-11 (2004).

42. Knopf, K., Wiirtz, J., Sures, B. & Taraschewski, H. Impact of low water temperature on the development of Anguillicola crassus in the
final host Anguilla anguilla. Dis. Aquat. Organ. 33, 143-149 (1998).

43. Keppel, M., Dangel, K. C. & Sures, B. Comparison of infection success, development and swim bladder pathogenicity of two
congeneric Anguillicola species in experimentally infected Anguilla anguilla and A. japonica. Parasitol. Res. 113, 3727-3735 (2014).

44. Kennedy, C. R. Post-cyclic transmission in Pomphorhynchus laevis (Acanthocephala). Folia Parasitol. 46, 111-116 (1999).

45. Dezfuli, B. S., Lui, A., Squerzanti, S., Lorenzoni, M. & Shinn, A. P. Confirmation of the hosts involved in the life cycle of an
acanthocephalan parasite of Anguilla anguilla (L.) from Lake Piediluco and its effect on the reproductive potential of its amphipod
intermediate host. Parasitol. Res. 110, 2137-2143 (2012).

46. Nachev, M. & Sures, B. Seasonal profile of metal accumulation in the acanthocephalan Pomphorhynchus laevis: a valuable tool to
study infection dynamics and implications for metal monitoring. Parasit. Vectors 9, 300 (2016).

47. Norton, J., Rollinson, D. & Lewis, ]. W. Epidemiology of Anguillicola crassus in the European eel (Anguilla anguilla) from two rivers
in southern England. Parasitology 130, 679-686 (2005).

48. Knopf, K. The swimbladder nematode Anguillicola crassus in the European eel Anguilla anguilla and the Japanese eel Anguilla
japonica: differences in susceptibility and immunity between a recently colonized host and the original host. J. Helminthol. 80,
129-136 (2006).

49. Keppel, M., Dangel, K. C. & Sures, B. Comparison of infection success, development and swim bladder pathogenicity of two
congeneric Anguillicola species in experimentally infected Anguilla anguilla and A. japonica. Parasitol. Res. 113, 3727-3735 (2014).

50. O’Loughlin, L. S. & Green, P. T. Secondary invasion: When invasion success is contingent on other invaders altering the properties
of recipient ecosystems. Ecol. Evol. 7, 7628-7637 (2017).

51. De Charleroy, D., Grisez, L., Thomas, K., Belpaire, C. & Ollevier, E. The life cycle of Anguillicola crassus. Dis. Aquat. Organ. 8,77-84
(1990).

52. Moravec, F. & Konecny, R. Some new data on the intermediate and paratenic hosts of the nematode Anguillicola crassus Kuwahara,
Niimi et Itagaki, 1974 (Dracunculoidea), a swimbladder parasite of eels. Folia Parasitol. 41, 65-70 (1994).

53. Li, W. et al. First Record of Paratenic Hosts of the Swimbladder Nematode Anguillicola crassus in North America. J. Parasitol. 101,
529-535 (2015).

54. Sures, B., Knopf, K. & Taraschewski, H. Development of Anguillicola crassus (Dracunculoidea, Anguillicolidae) in experimentally
infected Balearic congers Ariosoma balearicum (Anguilloidea, Congridae). Dis. Aquat. Organ. 39, 75-78 (1999).

55. Moravec, F. & Scholz, T. Observations on the biology of Pomphorhynchus laevis (Zoega in Miiller, 1776) (Acanthocephala) in the
Rokytna River, Czech and Slovak Federative Republic. Helminthologia 28, 23-29 (1991).

56. Llarena-Reino, M. et al. Optimization of the pepsin digestion method for anisakids inspection in the fishing industry. Vet. Parasitol.
191, 276-283 (2013).

Acknowledgements
Special thanks goes to the Deutsche Bundesstiftung Umwelt (DBU) for a PhD fellowship to Michael Hohenadler.

Author Contributions

B.S. and S.K. conceived the study and supervised the project. M.A.A.H. and K.I.H. conducted the experiments
and wrote the manuscript. S.E. collected infected gobies. B.S., S.K. and S.E. oversaw the writing and reviewed the
manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:15085 | DOI:10.1038/s41598-018-33445-4 5


http://creativecommons.org/licenses/by/4.0/

	First evidence for a possible invasional meltdown among invasive fish parasites

	Results

	Discussion

	Methods

	Acknowledgements

	Figure 1 (A) Cysts of encapsulated P.




